Introduction
============

Soil nutrient inputs such as nitrogen (N) and phosphorus (P) are critical to control plant growth in tropical forest plantations ([@B5]). Because of high amounts of fossil fuels burning and overuse of chemical fertilizers in agricultural production, N deposition has been increasing significantly in the past 100 years ([@B24]), especially in the warm and humid climatic zone in Asia ([@B10]). Nitrogen is considered as a limiting factor that influences the plant biodiversity and primary productivity in forest ecosystems ([@B4]; [@B47]). In addition, chronic elevated N input has been shown to lead to many adverse impacts, including soil acidification ([@B20]; [@B32]), nutrients imbalance ([@B31]), and increased greenhouse gas emissions ([@B23]). The soils in Chinese subtropical forests are highly weathered because of high temperature and precipitation, resulting in a large amount of available P being lost ([@B28]; [@B8]). Thus, P is always scarce in subtropical forests ([@B51]; [@B40]). Moreover, N input may result in element imbalance and further aggravate P limitation in the forest ecosystem ([@B40]). The continuous anthropogenic P additions are essential to improve forest primary production and little decomposition in forest ecosystems ([@B6]; [@B25]). Nitrogen and phosphorus additions may impact the abundance, diversity, and community composition of soil microbes, which play an important role in regulating soil fertility ([@B41]). However, effects of repeated N and P additions on belowground ecosystems such as soil bacterial communities in subtropical forest ecosystems remain poorly understood.

Soil microorganisms are important drivers of energy flow and nutrient cycling, such as carbon (C), N, and P cycling in terrestrial ecosystems ([@B2]; [@B34]). Therefore, soil functioning always depends primarily on microbial community structure, activity, and stability ([@B12]; [@B7]). Soil microorganisms are sensitive to various changes in soil nutrients and pH ([@B33]; [@B53]). It is well known that soil bacterial communities can be a potential ecological indicator of soil quality ([@B3]). Studying the feedback of soil microorganisms to added N and/or P is very important to understand the effects of global changes on ecosystem processes regulated by soil biota. The influence of N inputs on soil bacterial community structure have been well studied; however, the results of these studies have been inconsistent ([@B8]; [@B35]). For example, [@B18] reported that neither the total nor active bacterial community was influenced by N enrichment. However, [@B35] found that high N application strongly shaped bacterial community structure and that ammonium availability, rather than pH or nitrate concentration, was a key environmental parameter determining this shaping. These inconsistent results indicate that the responses of soil microbial communities to N addition are highly variable in different forest ecosystems. However, only few studies were conducted to study the response of soil bacterial communities to P amendment in subtropical forest ecosystems. Furthermore, in the context of the increased nitrogen deposition, we also need to understand the influence of P fertilization on soil microbial communities in forest ecosystem that receive exogenous N inputs.

The Chinese fir (*Cunninghamia Lanceolata*), which covers over 9 million ha in China, is the most common coniferous timber species that has been extensively planted in southern China ([@B40]). In order to improve soil quality, conservation, and enhanced the productivity of Chinese fir plantations, a large number of measures have been applied, among which fertilization is the most effective and feasible ([@B50]). A number of field studies have focused on the impacts of nutrients on soil C and N sequestration in Chinese fir plantations ([@B48]; [@B14]), but few studies have investigated the belowground soil microbial properties.

To better understand how N, P, and NP additions influence bacterial abundance, diversity, and composition in subtropical forests, we set up a N and/or P amendment trial in a Chinese fir plantation. The specific objectives of this study were to (1) assess the responses of bacterial abundance, diversity, and community composition to N and/or P addition; (2) identify which soil properties were correlated with bacterial community. We hypothesized that (1) the changes in soil pH and mineral N availability induced by N addition might affect bacterial community abundance, diversity, and composition and (2) the increased P content after P addition might not affect these variables of soil bacterial communities.

Materials and Methods {#s1}
=====================

Experimental Site, Plots, and Design
------------------------------------

This study was conducted in a rehabilitated secondary forest located at the Qianyanzhou Experimental Station, Chinese Academy of Sciences, Taihe County, Jiangxi province, southern China (26°44′52″N, 115°04′13″E). The soil in the forest, which is classified as Typical Hapludult Ultisols (locally "red soil"), developed from Quaternary Red Clay and covers over 60% of the 1.14 million km^2^ of total land area in southern China. The site has a monsoon season and humid climate. The duration of the growing season is about 270 days, and the average annual precipitation and temperature are 1471.2 mm and 17.9°C, respectively ([@B11]). The annual clear-sky duration and solar radiation are 1306 h and 4349 MJ/m^2^, respectively.

In 2011, 16 experimental plots (20 m × 20 m each) were placed in a random manner with 10-m-wide buffer strip between plots. Four fertilization treatments (four replicates each) were set up in this fir plantation: without fertilizer (CK), P addition (P) (50 kg P ha^−1^ year^−1^), N addition (N) (100 kg N ha^−1^ year^−1^), and N and P addition (NP) (100 kg N ha^−1^ year^−1^ + 50 kg P ha^−1^ year^−1^). Nitrogen and phosphorus fertilizer were applied as NH~4~NO~3~ and NaH~2~PO~4~, respectively. Nitrogen and and/or phosphorus fertilizer were dissolved in 20 L of distilled water and, then, added into the corresponding plots. Twenty liters of distilled water was added into the control plots.

Soil Sampling and Analysis
--------------------------

Soil cores were collected in late August of 2017. From each replicate plot, 10 subsamples (0--20 cm) were collected using corers, after which they were pooled together to minimize within-plot variation. Subsequently, soil samples were mixed thoroughly and then passed through a 2-mm sieve and separated into two portions. One portion was used for soil chemical analysis and another that was frozen at −80°C for subsequent molecular analysis. The soil pH (water:soil, 5:1) was determined using a pH meter. Soil KCl-extractable NH~4~^+^-N and NO~3~^−^-N were extracted using a ratio of 1:5 (fresh soil: 2 M KCl, w/v) by shaking at 200 rpm for 1 h, and quantified by a Segmented Flow Analyzer (SAN^++^, Skalar, Holland). Dissolved organic carbon (DOC) was extracted by 0.5 M K~2~SO~4~ and determined using a total organic carbon analyzer (Multi N/C 3000; Analytik, Jena, Germany; [@B45]). Total nitrogen (TN) was determined using Elemental Analyzer (Elemental Analyzer, Germany). Available phosphorus was extracted using sodium bicarbonate and then measured by the molybdenum-blue method.

Soil DNA Extraction and quantitative PCR (qPCR) Analysis of Bacterial Abundance
-------------------------------------------------------------------------------

The total DNA was isolated from 0.4 g of soil using MoBio Powersoil^TM^ DNA Isolation Kit (Carlsbad, CA, United States). DNA concentration was checked using a NanoDrop ND-1000 spectrophotometry (United States), then DNA samples were stored at −80°C refrigerator for further analysis.

To estimate the bacterial abundance, quantitative polymerase chain reaction (qPCR) assays were performed using universal eubacterial 16S rRNA gene primers. The forward primer was 338F (5′-ACTCCTACGGGAGGCAGCA-3′), and the reverse primer was 806R (5′-GGACTACHVGGGTWTCTAAT-3′; [@B15]). The abundance of bacterial 16S rRNA gene was determined on an ABI7500 (ABI, United States). The 25 μL reaction mixture included 12.5 μL of SYBR Premix Ex Taq^TM^ (TakaRa Biotechnology, Dailian, China), 0.5 μL of each primer (10 mM), 1--10 ng of template DNA. The PCR condition was as follows: 3 min at 95°C, 35 cycles of 40 s at 95°C, 30 s at 54°C, 40 s at 72°C, and a plate read at 83°C for 10 s. The qPCR assay was performed in triplicate for each replicate. The amplification efficiency for all samples ranged between 91 and 100%.

Bacterial 16S rRNA Gene Illumina Miseq Sequencing and Bioinformatics Analysis
-----------------------------------------------------------------------------

The V3-V4 region of the bacterial 16S rRNA gene was amplified from DNA extracts using the same primers for qPCR. The adapter linked forward primer included a 5-bp barcode was used for sample identification. Each PCR mixture (25 μL) included 0.5 μL of each primer, 2 μL template DNA (1--10 ng), 12.5 μL of Premix Taq^TM^ (2×) (Takara), and 9.5 μL of ddH~2~O. The thermocycling conditions consisted of initial denaturation at 94°C for 5 min, followed by 30 cycles of denaturation at 94°C for 40 s, annealing at 54°C for 30 s, and elongation at 72°C for 6 min. PCR products were purified with a QIA quick Gel Extraction kit (QIAGEN, Germany). The high-throughput sequencing was conducted on the Illumina MiSeq 2500 platform (Illumina, San Diego, CA, United States).

Sequence data including raw data and clean data were merged and filtered using Mothur ([@B38]). Briefly, the raw sequences were sorted and distinguished by unique 5-bp barcodes, and those shorter than 300 bp were removed. The barcodes and primer sequences were then trimmed (Supplementary Table [S2](#SM1){ref-type="supplementary-material"}), after which the remaining high-quality sequences with ≥97% similarity were clustered into operational taxonomic units (OTUs; [@B13]). Representative sequences for each OTU were then assigned to taxonomy by the Ribosomal Database Project (RDP) classifier ([@B43]). All the sequence data were deposited into the NCBI Sequence Read Archive database under accession numbers [SRR6263277](SRR6263277)-[SRR6263292](SRR6263292). Observed OTU numbers, Pielou's evenness, Chao1 richness, and ACE evenness, as well as Shannon's diversity indices, were calculated using the Mothur software to estimate bacterial alpha diversity. Beta diversity was calculated based on Bray-Curtis distance matrices.

Statistical Analysis
--------------------

One-way ANOVA was conducted to compare the effects of different fertilization treatments on bacterial 16S rRNA gene abundance and alpha diversity indices using SPSS version 19.0 (SPSS, Chicago, IL, United States). The mean values of four replicate plots were compared using Duncan's test when a significant *F*-value was obtained (*p* \< 0.05). On the effects of N, P, and their interactions on soil properties, bacterial 16S rRNA gene abundance, and alpha diversity indices were examined by two-way ANOVA. Spearman's correlation coefficient was used to test the relationships among soil properties, bacterial 16S rRNA gene abundance, alpha diversity indices, and abundant phyla. A *p* \< 0.05 was considered to indicate significance.

Principle coordinates analysis (PCoA) was conducted to assess the dissimilarities of the bacterial community composition between the treatments using R 3.4 software ([@B36]). Per-mutational multivariate ANOVA (PERMANOVA) was further conducted to estimate the effects of N with P addition and their interactions on the composition of bacterial communities. A Mantel test was conducted to assess the correlation between specific soil properties and bacterial community composition. The canonical correspondence analysis (CCA) was performed to explore the effects of soil properties on bacterial community composition.

Results
=======

Effects of N and/or P Addition on Soil Physicochemical Properties
-----------------------------------------------------------------

The 6-year fertilization management significantly altered soil properties such as pH, NH~4~^+^-N, NO~3~^−^-N, TN, and AP contents. These results indicated that pH remarkably decreased in response to N amendment, while was not significantly altered after P amendment (**Table [1](#T1){ref-type="table"}**). The concentrations of NH~4~^+^-N, NO~3~^−^-N, and TN were significantly lower in both the CK and P treatments than the N addition treatments. However, the increases in NH~4~^+^-N, NO~3~^−^-N, and TN concentrations did not significantly differ between N and NP treatments (*p* \> 0.05). Soil AP content was significantly elevated by P addition. Two-way ANOVA revealed no significant interactions between N and P additions on the soil properties (*p* \> 0.05).

###### 

Effects N and/or P addition on soil properties under CK (no fertilizer), P fertilization (P), N fertilization (N), and NP fertilization (NP) treatments.

  Treatment         pH (H~2~O)         NH~4~^+^-N (mg kg^−1^)   NO~3~^−^-N (mg kg^−1^)   DOC (mg kg^−1^)     Total N (g kg^−1^)   Available P (mg kg^−1^)
  ----------------- ------------------ ------------------------ ------------------------ ------------------- -------------------- -------------------------
  CK                4.69 ± 0.07^*a*^   4.97 ± 0.20^*b*^         1.27 ± 0.33^*b*^         64.79 ± 1.26^*a*^   1.03 ± 0.04^*b*^     3.14 ± 0.20^*b*^
  P                 4.63 ± 0.03^*a*^   4.72 ± 0.33^*b*^         1.26 ± 0.13^*b*^         63.59 ± 1.57^*a*^   1.06 ± 0.04^*b*^     16.23 ± 0.83^*a*^
  N                 3.95 ± 0.05^*b*^   10.98 ± 0.66^*a*^        5.30 ± 0.29^*a*^         66.11 ± 2.27^*a*^   1.51 ± 0.09^*a*^     3.09 ± 0.51^*b*^
  NP                4.02 ± 0.06^*b*^   10.72 ± 0.17^*a*^        5.26 ± 0.43^*a*^         66.13 ± 2.23^*a*^   1.53 ± 0.12^*a*^     16.35 ± 1.27^*a*^
  Significance of                                                                                                                 
  N                 **\<0.001**        **\<0.001**              **\<0.001**              0.215               **\<0.001**          0.853
  P                 0.115              0.258                    0.391                    0.834               0.596                **\<0.001**
  N × P             0.164              0.775                    0.054                    0.218               0.859                0.927

Different letters indicate significant difference among fertilizer treatments at p \< 0.05 using two-way ANOVA. Significant values are shown in bold (p \< 0.05). DOC, Dissolved organic carbon.

Effects of N and/or P Addition on Bacterial 16S rRNA Gene Copy Numbers
----------------------------------------------------------------------

The 6-year N and P inputs affected bacterial abundance as estimated based on qPCR of the bacterial 16S rRNA gene (**Figure [1](#F1){ref-type="fig"}**). Specifically, the abundance of bacterial 16S rRNA gene ranged from 3.95 × 10^9^ to 9.27 × 10^9^ copies g^−1^ dry soil. The bacterial abundance in the N and NP treatments was lower than in CK and P treatments, whereas no significant differences were observed in the CK and P treatments. 16S rRNA gene copies numbers were positively correlated with soil pH (*p* \< 0.001), while negatively correlated with soil NH~4~^+^-N, NO~3~^−^-N, and TN (*p* \< 0.001; Supplementary Table [S1](#SM1){ref-type="supplementary-material"}).

![Abundance of bacteria as indicated by 16S rRNA gene copies examined by real-time PCR. Same letters above columns indicate no significant difference (*p* \< 0.05). CK, no fertilizer; P, phosphorus input; N, nitrogen input; NP, nitrogen and phosphorus input.](fmicb-09-01543-g001){#F1}

Bacterial Alpha Diversity
-------------------------

Bacterial community analysis of the 16 soil samples revealed a total of 493,859 high quality sequences with 25,504 to 41,155 sequences per sample (Supplementary Table [S2](#SM1){ref-type="supplementary-material"}). To compare soil bacterial community diversity among all soils, the same survey effort level of 25,000 sequences were randomly selected from each sample in the sequencing library. The alpha diversity of the bacterial community was then examined using various estimators of richness and diversity (**Table [2](#T2){ref-type="table"}**). There were significant differences in bacterial alpha diversity for the observed OTU numbers, as well as Chao 1, ACE, and Shannon's index values among treatments, but not for Pielou's Evenness among the treatments. Pielou's evenness was high among treatments, indicating that bacterial community structure was evenly distributed. The observed OTU numbers, Chao 1, ACE, and Shannon's index values were much lower in the N and NP treatments than in the CK treatment. Moreover, there were no significant (*p* \> 0.05) differences in these alpha diversity indexes between CK and P addition treatments.

###### 

Effects of N and/or P addition on soil bacterial alpha diversity indices.

  Treatment   OTUs             Pielou' Evenness   Richness         Diversity         
  ----------- ---------------- ------------------ ---------------- ----------------- ------------------
  CK          1102 ± 53^*a*^   0.83 ± 0.02^*a*^   1535 ± 61^*a*^   1493 ± 109^*a*^   5.75 ± 0.10^*a*^
  P           1123 ± 56^*a*^   0.82 ± 0.01^*a*^   1520 ± 35^*a*^   1530 ± 25^*a*^    5.77 ± 0.07^*a*^
  N           902 ± 36^*b*^    0.81 ± 0.01^*a*^   1304 ± 74^*b*^   1170 ± 94^*b*^    5.32 ± 0.19^*b*^
  NP          851 ± 104^*b*^   0.82 ± 0.02^*a*^   1332 ± 70^*b*^   1213 ± 58^*b*^    5.41 ± 0.09^*b*^

OTUs, operational taxonomic units (97% similarity). Pielou' Evenness: Pielou' Evenness = H′/ln(S) where H′ is Shannon diversity and S is the total number of species in a sample. Based on Chao1 and abundance-based coverage estimator (ACE) richness indices. Based on Shannon diversity indices. Data are means ± standard deviation (n = 4). Different letters above columns indicate significant difference among fertilizer treatments (p \< 0.05). CK, no fertilizer; P, phosphorus input; N, nitrogen input; NP, nitrogen and phosphorus input.

The correlations of bacterial alpha diversity indices with soil physicochemical parameters are shown in **Table [3](#T3){ref-type="table"}**. The values of observed OTU numbers, Chao1, ACE, and Shannon's index were positively correlated with soil pH (*p* \< 0.01), but were significantly and negatively correlated with NH~4~^+^-N, NO~3~^−^-N, and TN contents (*p* \< 0.05).

###### 

Spearman's correlations between soil properties and alpha diversity.

                  pH           NH~4~^+^-N    NO~3~^−^-N    DOC      TN            AP
  --------------- ------------ ------------- ------------- -------- ------------- -------
  OTU numbers     0.740^∗∗^    −0.703^∗∗^    −0.675^∗∗^    −0.438   −0.693^∗∗^    0.152
  Chao1           0.898^∗∗∗^   −0.871^∗∗∗^   −0.848^∗∗∗^   −0.449   −0.831^∗∗∗^   0.115
  ACE             0.852^∗∗∗^   −0.831^∗∗∗^   −0.791^∗∗∗^   −0.513   −0.818^∗∗∗^   0.086
  Shannon index   0.687^∗∗^    −0.682^∗∗∗^   −0.601^∗^     −0.332   −0.605^∗∗^    0.121

∗∗∗

p \< 0.001,

∗∗

p \< 0.01,

∗

p \< 0.05. DOC, Dissolved organic carbon.

Changes in Bacterial Community Composition in Response to N and/or P Addition
-----------------------------------------------------------------------------

All reads in each treatment were classified into eight phyla, and their relative abundances were shown in **Figure [4A](#F4){ref-type="fig"}**. The phyla *Acidobacteria* and *Proteobacteria* were most abundant in all treatments, comprising 67.1--74.3% of the bacterial sequences obtained from the soil, followed by *Chloroflexi* (8.9--9.8%), *Actinobacteria* (4.9--10.5%), *Verrucomicrobia* (2.1--2.9%), *Planctomycetes* (1.3--2.2%), and *Bacteroidetes* (1.7--2.1%). Different fertilization management strategies had various influences on bacterial composition at the phylum level. The relative abundance of the phyla *Actinobacteria* and *Proteobacteria* increased in N and NP treatments, while that of *Acidobacteria* decreased, relative to the CK and P treatments. There were no significant differences in the abundance of *Acidobacteria*, *Actinobacteria*, *Proteobacteria*, *Chloroflexi*, *Actinobacteria*, *Planctomycetes*, *Bacteroidetes*, and *Verrucomicrobia* between N and NP treatments. Similarly, the relative abundance of these phyla did not differ significantly between CK and P treatments (*p* \> 0.05).

At class level, the 13 most abundant classes were obtained (\>2%) among fertilizer treatments (**Figure [4B](#F4){ref-type="fig"}**). There were significant differences between treatments for the four most abundant classes. Specifically, the relative abundance of class *Acidobacteria* was higher in the CK and P treatments than that in the N-related treatments. Furthermore, the relative abundance of *Actinobacteria*, *Alphaproteobacteria*, and *Gammaproteobacteria* significantly increased in the N and NP treatments.

The variations in bacterial communities caused by N and/or P input were evaluated by PCoA (**Figure [2](#F2){ref-type="fig"}**), which revealed that bacterial community composition separated clearly between N and CK treatments, while the bacterial community composition in the P treatment was similar to that in the CK treatment. The first two principal coordinates explained 31.8% (PC1) and 11.6% (PC2) of the variation in bacterial communities, respectively. PERMANOVA further revealed significant differences between N-free treatments (CK and P) and N-containing treatments (N and NP) (*p* \< 0.01; Supplementary Table [S2](#SM1){ref-type="supplementary-material"}).

![Principle coordinate analysis (PCoA) to visualize the overall differences in bacterial community composition across the all treatments. CK, no fertilizer; P, phosphorus input; N, nitrogen input; NP, nitrogen and phosphorus input.](fmicb-09-01543-g002){#F2}

The Relationship Between Bacterial Community Structure and Soil Properties
--------------------------------------------------------------------------

The Mantel test indicated that bacterial community structure was closely correlated with soil chemical properties including pH, NH~4~^+^-N, NO~3~^−^-N, and TN (*p* \< 0.01), and the correlation coefficients followed the trend: pH \> NH~4~^+^-N \> NO~3~^−^-N \> TN (Supplementary Table [S4](#SM1){ref-type="supplementary-material"}). The effects of these soil properties on the bacterial community structure were further analyzed using CCA (**Figure [3](#F3){ref-type="fig"}**), which revealed that these soil variables explained 27.6% of the variation in the bacterial community by the first two constrained axes of CCA, with the first axis explaining 20.3% and the second 7.3%. Moreover, CCA clearly showed that soil pH and mineral N contents were the most important contributors to the variation in bacterial communities, and the direction of these arrows was closely correlated with the X axis.

![Canonical correspondence analysis (CCA) illustrating the effects of soil properties on bacterial community structure. CK, no fertilizer; P, phosphorus input; N, nitrogen input; NP, nitrogen and phosphorus input.](fmicb-09-01543-g003){#F3}

We also evaluated the correlations between relative abundant phyla (\>2%) and soil properties (**Table [4](#T4){ref-type="table"}**). Three dominant phyla (*Acidobacteria*, *Proteobacteria*, and *Actinobacteria*) were significantly correlated with several soil chemical parameters (*p* \< 0.05), while *Bacteroidetes*, *Verrucomicrobia*, *Chloroflexi*, and *Planctomycetes* were not obviously related to any of the soil chemical properties (*p* \> 0.05). Only *Acidobacteria* was positively correlated with soil pH, whereas *Actinobacteria* and *Proteobacteria* were negatively correlated with this factor (*p* \< 0.05). Moreover, *Acidobacteria* was negatively related to NH~4~^+^-N, NO~3~^−^-N, and TN, while *Actinobacteria* and *Proteobacteria* were positively correlated with these soil properties.

###### 

Spearman's correlation coefficients between soil chemical characteristics and abundant phyla (relative abundance \> 2%).

                      pH            NH~4~^+^-N    NO~3~^−^-N    DOC       TN            AP
  ------------------- ------------- ------------- ------------- --------- ------------- --------
  *Acidobacteria*     0.898^∗∗∗^    −0.875^∗∗∗^   −0.829^∗∗∗^   −0.426    −0.814^∗∗∗^   0.13
  *Actinobacteria*    −0.844^∗∗∗^   0.838^∗∗∗^    0.807^∗∗∗^    0.498\*   0.803^∗∗∗^    −0.061
  *Bacteroidetes*     0.064         −0.14         −0.116        0.109     0.208         0.091
  *Chloroflexi*       −0.241        0.309         0.381         −0.02     0.433         0.336
  *Planctomycetes*    0.507         −0.352        −0.562        −0.492    −0.516        −0.474
  *Proteobacteria*    −0.884^∗∗∗^   0.817^∗∗∗^    0.735\*\*     0.395     0.749^∗∗∗^    0.016
  *Verrucomicrobia*   0.054         0.037         −0.017        0.163     0.141         0.237
  *WD272*             −0.287        0.237         0.064         0.077     0.233         −0.057

∗∗∗

p \< 0.001,

∗∗

p \< 0.01,

∗

p \< 0.05. DOC, Dissolved organic carbon.

Discussion
==========

Influence of N and/or P Amendment on Bacterial 16S rRNA Gene Abundance and α-Diversity
--------------------------------------------------------------------------------------

The applications of inorganic N were previously believed to reduce microbial abundance and biodiversity ([@B21]; [@B19]; [@B54]; [@B29]; [@B42]; [@B35]). Similarly, N amendment (such as N and NP treatments) significantly decreased bacterial 16S rRNA gene abundance and biodiversity (**Figure [1](#F1){ref-type="fig"}** and **Table [2](#T2){ref-type="table"}**). Conversely, long-term P input did not affect bacterial abundance and α-diversity, which was supported by the result of recent studies ([@B22]; [@B30]). [@B22] reported that the abundance of most groups of soil microbial community (bacteria, fungal, and AMF) was not affected by the low (5 g P m^−2^ year^−1^) and medium (5 g P m^−2^ year^−1^) P inputs. Additionally, [@B30] found that bacterial Chao1 and Shannon indices were not strongly influenced by P amendment. Thus, our results conclude that P availability may not be the limiting factor affecting bacterial abundance and biodiversity in this Chinese fir plantation. Changes of bacterial 16S rRNA gene abundance and α-diversity might be mainly associated with the soil pH, as soil pH was kept at a relative stable level in the P treatment, while it decreased remarkably under N-related treatments. Particularly, the spearman's correlation analysis showed that bacterial 16S rRNA gene abundance, and α-diversity indices were strongly correlated with soil pH in the present study, indicating that soil pH was a decisive factor affecting them. Moreover, the bacterial community was significantly influenced by soil pH because most bacterial taxa showed relatively narrow growth tolerances, especially within the pH range of 4--7 ([@B37]; [@B9]). Additionally, bacterial 16S rRNA gene abundance and α-diversity were closely related to NH~4~^+^-N and NO~3~^−^-N rather than AP, further confirming that mineral N availability was a very important factor altering bacterial abundance and biodiversity ([@B54]; [@B35]; [@B44]). Therefore, we concluded that the change of bacterial abundance and biodiversity among the all treatments could be attributed to the direct influence of N fertilizer as nutrients and indirect effects of soil acidification caused by N input.

Responses of Dominant Bacterial Community to N and/or P Inputs
--------------------------------------------------------------

In the present study, high-throughput sequencing analysis indicated that *Proteobacteria*, *Acidobacteria*, *Chloroflexi*, and *Actinobacteria* were the predominant bacterial phyla in the acidic forest soil, which was in agreement with the results of previous studies ([@B39]; [@B8]; [@B35]). Our results revealed that N input increased the relative abundance of *Proteobacteria* and *Actinobacteria* and reduced the relative abundance of *Acidobacteria*. These findings were supported by the copiotrophic hypothesis ([@B16]), in which copiotrophic groups (e.g., *Proteobacteria* and *Actinobacteria*) that had fast growth rates were more likely to increase in nutrient-rich conditions, while oligotrophic groups (e.g., *Acidobacteria* and *Chloroflexi*) that had slower growth rates would likely decline ([@B17]). *Proteobacteria* and *Actinobacteria* have been reported to be related to the high carbon availability, and these organisms exhibit relatively rapid growth rates. Meanwhile, *Acidobacteria* belongs to the group of oligotrophic bacteria found in nutrient poor and very acidic environments and have the ability to degrade complex and recalcitrant carbon compounds ([@B1]). However, P input did not follow this rule to affect the relative abundances of selected oligotrophic and copiotrophic taxa, which was consistent with recent study reported by [@B46]. We concluded soil available phosphorus content was not sufficient to affect bacterial community in our study. When soil available phosphorus content was ≥100 mg kg^−1^, soil-borne copiotrophic bacteria members became dominant ([@B26]). However, soil available phosphorus content was not reached in our study and the red soil was different from that by [@B26]. Additionally, the KEGG Orthology (K) numbers showed a significant difference among the fertilizer treatments using functional predictions analysis (Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}). 16S rRNA gene-predicted functional structure was more affected by N addition than P input. Some functions related to amino acid metabolism, carbohydrate metabolism, energy metabolism, and xenobiotics biodegradation and metabolism were reduced in samples receiving inorganic N addition. Thus, the different response of major phyla to N and P input might be reason for the change in bacterial community structure.

Effects of N and/or P Inputs on the Bacterial Community Structure
-----------------------------------------------------------------

Long-term inorganic fertilization, especially N fertilizer, usually changes soil microbial community structure in previous studies ([@B54], [@B55]; [@B35]). Similarly, N input altered bacterial community structure in our study (**Figure [4](#F4){ref-type="fig"}**). Bacterial community composition in the N and NP treatments differed significantly from those not receiving N (CK and P), indicating that fertilizer addition had a stronger influence on it than P input. On the contrary, P input did not influence bacterial community structure in the present study, which was supported by previous reports ([@B22]; [@B30]). [@B22] and [@B30] observed no changes in soil bacterial community composition among the various P treatments by phospholipid fatty acids (PFLA) and high throughput sequencing analyses, respectively. In addition, [@B29] and [@B27] found that high N availability, affected by N input, was a key factor influencing shifts in bacterial community structure. Nitrogen fertilizer directly impacted mineral N availability, which were the key factors altering bacterial community composition (**Figure [3](#F3){ref-type="fig"}**), as revealed in previous studies ([@B52]; [@B35]). Taken together, these findings indicate that soil mineral N availability, which depends on N input, is essential to the bacterial community structure.

![Relative abundances of the most abundance bacterial groups in different treatments at the phyla **(A)** and class **(B)** levels. Others represented unclassified groups. Data are means ± standard deviation (*n* = 4). Significance is indicated by ^∗∗^*p* \< 0.01. CK, no fertilizer; P, phosphorus input; N, nitrogen input; NP, nitrogen and phosphorus input.](fmicb-09-01543-g004){#F4}

In addition to soil N availability, pH is frequently considered to be another important factor in controlling bacterial community structure and is considered a good predictor of bacterial community composition ([@B19]; [@B28]), which was also observed in the present sturdy. Nitrogen rather than P inputs led to decrease in soil pH, and soil pH was more important than other nutrients in shaping bacterial community structure according to the Mantel test and CCA analysis, which is supported by previous studies ([@B54]; [@B49]; [@B44]). Moreover, the most abundant phyla were more tightly related to pH than other nutrients (Supplementary Table [S3](#SM1){ref-type="supplementary-material"}). These results further supported that the changes in soil pH caused by the application of N fertilizer were more important than available nutrients on bacterial community structure.

Conclusion
==========

Soil chemical properties and bacterial community were markedly influenced by N and/or P input in a subtropical fir plantation in southern China. Our results showed that N input influenced bacterial abundance and community composition while P input did not. The shift in soil pH induced by of the application of N alone and N plus P fertilizer must be a decisive factor in determining bacterial abundance and community structure. In addition to soil pH, soil mineral N availability also appeared to change bacterial community structure. Our findings indicated that N input reduced bacterial abundance and diversity, and that the impacts of N amendment (N and NP) treatments were stronger than treatments that did not contain (P). This study provides valuable information that improves our understanding of the effects of N and/or P input on underground bacterial community and revealed the main factors influencing bacterial communities in subtropical forest ecosystems.
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